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ABSTRACT 
The evaluation of voltage stability assessment experiences sizeable anxiety in the 
safe operation of power systems, due to the complications of a strain power system.  
With the snowballing of power demand by the consumers and also the restricted 
amount of power sources, therefore, the system has to perform at its maximum 
proficiency.  The noteworthy to discover the maximum ability boundary prior to 
voltage collapse should be undertaken.  A preliminary warning can be perceived to 
evade the interruption of power system’s capacity.  This research considered the 
implementation of static and time-step system monitoring methods that able to 
provide a timely warning in the power system.  Numerous types of line voltage 
stability indices (LVSI) are differentiated in this research to resolve their effectuality 
to determine the weakest lines for the power systems.  The main motivation of these 
indices is used to predict and forecast the proximity towards voltage instability in the 
power system control and security applications.  The indices are also able to decide 
the weakest load buses which are close to voltage collapse in the power system.  
Therefore, the static and time-step simulation (TSS) results are used to calculate the 
line stability indices and to ratify with voltage stability indices theory.  The line 
voltage stability indices are assessed using the IEEE 9-Bus system, IEEE 14-Bus 
System and IEEE 30-Bus system to validate their practicability.  The results are used 
to calculate the line stability indices by using Matlab software.  This research also 
introduced the implementation of voltage stability monitoring by using Artificial 
Neural Network (ANN).  Results demonstrated that the calculated indices and the 
estimated indices by using ANN are practically relevant in predicting the 
manifestation of voltage collapse in the system.  Overall, VCPI(Power) index is able 
to detect the voltage collapse point precisely due to its accuracy in forecasting.  This 
index successfully showed the capability to forecast the voltage collapse point either 
in small or a larger power system network.  Therefore, essential actions can be taken 
by the operators in order to dodge voltage collapse incident from arising.  
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ABSTRAK 
Penilaian taksiran kestabilan voltan mengalami pertimbangan yang kritikal dari segi 
aspek keselamantan dalam sistem kuasa elektrik.  Dengan permintaan kuasa elektrik 
yang semakin meningkat daripada pihak pengguna dan jumlah penjanaan elektrik 
kuasa yang terhad.  Maka, faktor-faktor ini menyebabkan sistem kuasa sentiasa 
beroperasi pada keadaan maksimum.  Langkah perlaksanaan perlu ditekankan untuk 
mencari batas kemampuan maksimum sebelum keruntuhan voltan terjadi.  Satu 
amaran awal mampu diperhatikan bagi mengelakkan gangguan kapasiti pada sistem 
kuasa elektrik.  Kajian ini merangkumi pelaksanaan kaedah statik dan masa nyata 
dalam pemantauan sistem yang mampu memberikan amaran yang berkesan dalam 
sistem kuasa elektrik sebelum keruntuhan voltan terjadi.  Pelbagai jenis indeks 
kestabilan voltan pada talian diaplikasikan dalam kajian ini untuk memantau 
keberkesanan mereka untuk menentukan talian yang tidak stabil pada sistem kuasa 
elektrik.  Motivasi utama indeks digunapakaikan untuk meramalkan jarak ke arah 
ketidakstabilan voltan demi untuk mengawal sistem kuasa elektrik dalam aplikasi 
keselamatan.  Sebaliknya, indeks juga mampu membuat keputusan untuk mengetahui 
beban bus yang paling lemah di mana dekat dengan kejatuhan voltan dalam sistem 
kuasa.  Keputusan statik dan masa langkah simulasi telah digunakan untuk 
mengesahkan dengan teori kestabilan voltan yang sedia ada.  Indeks kestabilan 
voltan talian dinilai menggunakan IEEE 9-Bus, IEEE 14-Bus dan IEEE 30-Bus untuk 
mengesahkan keberkesanan mereka.  Kajian ini juga memperkenalkan pelaksanaan 
pemantauan kestabilan voltan dengan menggunakan Artificial Neural Network 
(ANN).  Keputusan menunjukkan bahawa indeks yang dikira dan indeks yang 
dianggarkan dengan menggunakan ANN adalah relevan untuk meramalkan 
keruntuhan voltan dalam sistem.  Secara keseluruhan, indeks VCPI(Kuasa) mampu 
mengesan titik keruntuhan voltan dengan tepat kerana ketepatannya dalam ramalan.  
Oleh itu, tindakan-tindakan awal mampu dilaksanakan oleh pengendali untuk 
mengelak keruntuhan voltan insiden daripada mengambil tempat.  
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CHAPTER 1 
INTRODUCTION 
1.1 Overview 
 
 
This chapter is organised as subsequently.  The background of the study will be 
reviewed in section 1.2.  Problem statements for conducting this research are 
discussed in section 1.3.  The main aim and objectives of the research are stated in 
section 1.4.  The scopes of study for the research are outlined in section 1.5.  The 
summary of the thesis outline will be described in section 1.6.  Comprehensive 
summaries for Chapter 1 are justified in section 1.7. 
 
 
1.2 Background of study 
 
 
A number of blackouts interconnected to the voltage stability issue have happened in 
several countries.  The greatest quantities of major blackouts took place in the year 
2003.  The United States (U.S.) -Canada blackout took place on August 14, 2003.  
During the blackout, the estimated values of 50 million people were affected in eight 
U.S. states and two Canadian provinces.  Approximately, 63 GW of loads were 
interrupted, which equals to 11% of the total serving load in the Eastern 
Interconnection of the North American system [1]. 
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According to the reports [1-3], more than 400 transmission lines and 531 
generating units at 261 power plants were tripped during the year 2003 major 
blackout in North America and Europe.  On September 23, 2003, a major blackout 
took place in Southern Sweden and Eastern Denmark and had an impact on 2.4 
million customers [2, 4].  Five days later on September 28, 2003, some other major 
blackouts began when a tree flashover caused the tripping of a major tie-line between 
Italy and Switzerland [5, 6]. 
Voltage instability is a non- linear phenomenon.  The instability is indicated 
when the network is being fully utilised up until it crosses the maximum deliverable 
power limits.  The pioneer motivations for transmission network improvements and 
enlargements are dependable considerations and the interconnection of new 
generation resources.  Some economic criteria and environmental consideration 
should be taken into account and hence will cause the planning to be postponed [7].  
The rapid increasing of implementation of renewable energy are prone to cause the 
transmission network to be more complicated and stressed, since these sources have 
a higher and random behaviour. 
Deserved by voltage stability characteristics from 10 seconds up to a few 
minutes range of time periods [8], the stability of the stressed power system obliged 
to be monitored in real time so that appropriate counter measures can be 
implemented in a timely manner, or else the system will experience voltage 
instability and sooner will lead to voltage collapse. 
Voltage stability can be classified to have a strong relation linked to the 
theory of maximum load ability of a transmission network.  When consumption 
loading is getting high enough, then compulsory measures should be taken in order 
to reduce the tension of the transmission network [9, 10].  A major problem related to 
tracking the maximum loading of the transmission system is that the maximum 
loading is not a fixed quantity, but relatively relies on the generation and load 
patterns, network topology and the accessibility of variable resources [11].  All the 
mentioned factors can differ with time due to unexpected disturbances and scheduled 
maintenances. 
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1.3 Problem statement and motivation 
 
 
At present, power systems need to adapt to the new situation since the actual scene 
no longer exists as it used to be.  Due to the climate change throughout the world, it 
is expected to lead the electricity consuming demand to operate closely to the 
numbers of generated electricity [12, 13].  Besides that, aggressive business 
conditions have enforced electric utilities to fully make use of accessible resources.  
Moreover, current power systems are extremely loaded as compared to the past 
because of the arising demand, maximum economic advantages and the effectiveness 
of the available transmission capacity [14-16]. 
The sequence of incidents that caused the major blackout in the year 2003, 
the reasons for the blackouts were due to a shortage of reliable real-time data [1, 17].  
Established decentralized way of operating systems by Transmission System 
Operators (TSOs) where each TSO take cares of its own control area and limited 
information to exchange, resulted in insufficient and delay response towards 
contingencies.  Therefore, a real- time security assessment and control are needed to 
maintain the system security [17].  The significance of real-time data is to allow the 
operators to carry out important and practically preventive action to avoid cascading 
or else will lead the system to incorrect or delayed corrective actions and thus will 
give a chance of instability occurrence. 
Voltage stability assessment and control are not considered as any new issue 
[18], but they have now attained special attentions to maintain the stability of the 
transmission networks in order to avoid recurrence of major blackouts as experienced 
by the particular countries.  The power system can be classified in the voltage 
stability region if it can maintain steady acceptable voltages at all buses in the system 
under normal operating conditions and after being subjected to a disturbance [8, 19].  
In order to be reliable, the power system must be stable as most of the time.  The 
research works on voltage stability can be broken down into various approaches, but 
the estimation on the power system’s distance towards voltage collapse can be very 
handy to the operators before they take any remedial actions [20, 21].  The details on 
the distance towards voltage instability can be obtained by using Voltage Stability 
Indices (VSI) [22]. 
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Voltage stability analysis is still widely being implemented in the industries 
by calculating the P-V and Q-V curves at selected load buses [23].  Commonly these 
curves are created by a large number of load flows using conventional methods and 
models.  However, these methods are time consuming and do not provide sufficient 
practical information towards the stability problems [24]. 
The number of power systems outages throughout the world up is being 
illustrated in Figure 1.1.  From Figure 1.1, it shows a significant growth for the 
power systems outages from year 2008 up until the year 2013.  The greatest numbers 
of power outages occurred was in the year 2013 with 3236 cases.  Besides, it also 
shows the trend still expanding up until the year 2013.  Therefore, remedial actions 
should be taken beforehand to evade power system outages the following years. 
 
 
Figure 1.1: Total number of power systems outages in U.S. [25] 
 
Various causes are recited in [26] as the commencement of the power 
systems outages.  Most of all, power systems outages can be categorized into two 
types; unpreventable event and preventable event.  Some of the power systems 
outages can be classified as the unpreventable events from the system operator.  
During the unpreventable event took place; the system operators are not in a position 
to control the damaged level happening in the power system. 
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In several other cases, the power system outages can be prevented with the 
utilisation of a sufficient system protection and situational awareness.  If the power 
system is not equipped with suitable protection for the system, then the power system 
is prone to critical operational situations and leads to instabilities.  Hence, voltage 
instability is one of the significant problems in causing the power outages. 
 
 
1.4 Objectives of study 
 
 
The main aim of this research was to validate the performances of line voltage 
stability indices to forecast the proximity of voltage instability in the power system.  
The following research objectives were conducted to achieve the principal aim of 
this research: 
a) To describe, analyse and compare the reliability of the line voltage stability 
indices. 
b) To demonstrate practical applicability of the conventional line voltage 
stability indices in the existing power systems. 
c) To forecast the line voltage stability indices with the aids of artificial neural 
network for voltage stability monitoring purpose. 
 
 
1.5 Research scope 
 
 
Voltage stability indices can be classified into Jacobian matrix based voltage stability 
indices and system variable based voltage stability indices.  In this research, the 
motive for focusing on the system variable based voltage stability indices is because 
it requires fewer amounts of computing time.  Besides that, it can precisely verify the 
weak bus or lines in the power systems.  Therefore, the scope has been narrowed into 
focusing on system variable based voltage stability indices.  
6 
 
All the power system calculations and simulation relative to the tests of the 
monitoring method are realised using grid software PowerWorld.  PowerWorld is an 
interactive power system simulation package planned to simulate high voltage power 
system operation on a time frame ranging from several seconds to several days.  The 
merits of the use of PowerWorld in this research are mainly the simulations of the 
variables of interest can be performed in phasors.  Variable time step is well adapted 
for long-term occurrence identical to voltage instabilities. 
Apart from that, the voltage stability analysis developed for the voltage 
stability monitoring is done by using Matlab® R2013a from the Mathworks Inc.  The 
available phasors data generated by the PowerWorld simulator are saved in 
Microsoft Excel file format and then being imported into Matlab® by using the 
implemented algorithms. 
Three test-power system cases are utilised all over in this research, which is 
IEEE 9-Bus test case, IEEE 14-Bus test case and IEEE 30-Bus test case.  IEEE 9-Bus 
test case represents a portion of the Western System Coordinating Council (WSCC) 
3-Machines 9-Bus system.  This IEEE 9-Bus test case consists of three generators, 
nine buses and three loads.  The IEEE 14-Bus test case actually represents a part of 
the American Electric Power System which is situated in the Midwestern US.  This 
system consists of two generators, three units of synchronous condensers, 14 buses 
and 11 loads.  On the other hand, IEEE 30-Bus test case represents a portion of the 
American Electric Power System (in the Midwestern US).  IEEE 30-Bus test case 
consists of two units of generators, four units of synchronous condensers, 30 buses 
and 21 loads. 
A two-layer feedforward back propagation neural network (FFBPNN) from 
the neural network toolbox in Matlab® R2013a from the Mathworks Inc is selected as 
part of the tool to determine the pattern of the data.  The data is categorised in this 
application and FFBPNN is used to investigate the effects of power flow data in the 
power transmission line towards the line voltage stability indices. 
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1.6 Thesis outline 
 
 
This thesis validates the performances of line voltage stability indices to forecast the 
proximity of voltage instability in the power system with the aids of artificial neural 
network.  The literature studies of the relevant works are presented in Chapter 2.  The 
literature studies of each proposed algorithm and methods are reviewed as well.  
Chapter 3 reviews the methods and approaches for the line voltage stability indices.  
Chapter 4 presents results and discussion for the implemented methods in forecasting 
the proximity of voltage instability for three different types of power system test 
cases.  The predicted results for line voltage stability indices by using artificial neural 
network are illustrated in Chapter 4 as well.  The conclusion and future works on the 
research are presented in Chapter 5. 
 
 
1.7 Summary 
 
 
This chapter discussed about the foreword for the entire research.  The background 
of study associated with the research was explained in the section 1.2.  The highlight 
in this section was about the overall characteristics of voltage stability.  In section 1.2 
also mentioned that voltage stability had a strong relation between the maximum 
load ability of a transmission network.  The problem statement and motivation for 
this research were listed out in section 1.3.  This section summarised the total 
number of power system outages in U.S from year 2008 up until 2013.  The main 
intention of providing the statistic of power outages was to emphasise that the 
number of power outages still ongoing in the modern technology era.  Therefore, 
remedial actions should be implemented in order to reduce the number of power 
outages for the following years.  The main principle and objectives of the research 
were clarified in section 1.4.  The main aim for this research was to validate the 
performances of line voltage stability indices to forecast the proximity of voltage 
instability in the power system.  In order to achieve the principal aim in this research; 
therefore, three major objectives were achieved.  
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The research scope for the research was expounded in section 1.5.  The brief 
summaries for the research scope were about the type of voltage stability indices, the 
implemented software in this research and the classification of the power system test 
cases that being executed in the research.  The organisation of the thesis was 
evaluated in section 1.6.  Overall, this thesis included five chapters.   
 
 
 
 
CHAPTER 2 
LITERATURE REVIEW 
2.1 Overview 
 
 
This chapter is managed in the following manner.  Section 2.2 will discuss the brief 
introduction about the modern power system.  In the meanwhile, section 2.3 will 
explain the overview for power system stability.  The classification of power system 
stability will be presented in section 2.4.  The definition and classification of voltage 
stability will be explained in section 2.5 and section 2.6 subsequently.  The methods 
for voltage stability analysis will be elaborated in section 2.7.  The overview of the 
voltage stability indices will be explained in section 2.8.  The two different types of 
voltage stability indices will be discussed in section 2.9 and 2.10 respectively.  The 
artificial neural network techniques in voltage stability monitoring will be explained 
in section 2.11. 
 
 
2.2 Modern power system 
 
 
Nowadays, the power system is an aggregate of interconnected network as illustrated 
in Figure 2.1.  A power system can be partitioned into four prime parts: 
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a) Generation 
 
b) Transmission and Subtransmission 
 
c) Distribution 
 
d) Loads 
 
 
Figure 2.1: Basic components of a power system [27] 
 
Various parts of the power system run at a different voltage rating.  
Commonly, the voltages are classified as low if they operate under 1 kV mark.  
Distribution systems ranging between 1 kV to 100 kV are classified as medium 
voltages.  The voltages value from 100 kV to 300 kV are classified as high voltages 
and mostly located in subtransmission networks.  Transmission networks that run 
above 300 kV are categorised as extra high voltages [28]. 
  
Transmission Generation 
Subtransmission 
Distribution 
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The generation part consists of generators.  Three phase ac generator known 
as synchronous generator or alternator is the important component in the power 
systems.  Today’s systems use ac generators with rotating rectifiers, known as 
brushless excitation systems.  The importance of a generator excitation system is 
used to maintain generator voltage and controls the reactive power flow.  In a power 
plant, the size of generators can differ from 50 MW to 1500 MW. 
Electricity is supplied by transforming the mechanical energy existing on the 
output shaft of an engine or a turbine into electrical energy.  An external mechanical 
power source, commonly known as the prime mover is used to drive the synchronous 
generator.  The prime mover’s energy comes from various forms such as, hydraulic 
turbines at waterfalls, steam turbines whose energy is produced by burning coal, gas 
and nuclear fuel, gas turbine, or sometimes internal combustion engines burning oil 
[29]. 
Transmission is also significant in the power system.  The main intention of 
an overhead transmission network is used to deliver electric energy from the 
generating units to the distribution system which is mainly supplied to the loads.  The 
electrical energy lost in a transmission line is proportional to the current squared; 
therefore, most of the transmission lines perform at high or very high voltages.  High 
voltage transmission lines are terminated in a high-voltage substation, receiving 
substations or primary substations.  At the primary substations, the voltage is stepped 
down to a suitable value for the next part of the journey toward the load [8]. 
The section of a transmission system that connects the high-voltage 
substations through step-down transformers to the distribution substation is known as 
subtransmission network.  Normally, the subtransmission voltage level ranges from 
69 to 138 kV [30]. 
The distribution system is the part that connects the distribution substations to 
the consumers.  Almost all electrical energy is delivered from the transmission or 
subtransmission network to distribution high voltage and medium voltage networks 
in order to supply straight to the consumers.  The ratings for the primary distribution 
lines are from 4 to 34.5 kV.  Some small industrial companies are served directly by 
the primary distribution lines.  The secondary distribution network reduces the 
voltage for commercial and residential consumers.  The secondary distribution 
mainly serves the consumers at levels of 240 V single-phase, three-wire and 415 V 
three-phase, four-wire.  
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Loads of power systems can be divided into industrial, commercial and 
residential.  Industrial loads are combined loads and mainly consist of induction 
motors.  The commercial and residential loads consist largely of lighting, heating and 
cooling.  The demand for electrical power is never persistent and varies throughout 
the day and night. 
 
 
2.3 Power system stability overview 
 
 
Power system can be classified as a network that is connected to one or more 
generating units, power transmission lines and loads.  Power system also consists of 
related equipment such as transformers and protective devices that are connected to it 
as well [31].  The suggested denotation in [32] for power system stability is the 
capability of an electric power system, for a specified starting operating condition, to 
recover a state of operating balance after being exposed to a physical disturbance, 
with most system variables required so that practically the whole system remains 
complete. 
 
 
2.4 Classification of power system stability 
 
 
Prior to further description of voltage stability, a documented definition of 
power system stability obliges to be described in order to obtain a clearer outlook.  
Typically, a recent power system is a high-order multivariable operation whose 
dynamic response is affected by a wide array of devices with various natures and 
response rate.  Initially, the power system stability is a single problem but due to 
different forms of instabilities that the power system possibly experiences; therefore, 
there is a necessity to classify the power system into appropriate categories [8, 31]. 
 
  
13 
 
The categorisation of power system stability is encapsulated in Figure 2.2.  In 
accordance with Figure 2.2, power system stability can be classified into three 
system variables, which are rotor angle stability, frequency stability and voltage 
stability.  The scale of the disturbance can also be divided into two categories, which 
are either small or large scale.  The time duration of the disturbances can be 
classified into short or long term. 
 
 
Figure 2.2: Categorisation of power system stability [8] 
 
Rotor angle stability denotes the capability of the synchronous machines of 
an interconnected power system to endure in synchronism after being exposed to a 
disturbance.  It relies on the ability to maintain or reinstate balance between 
electromagnetic torque and mechanical torque of each synchronous machine in the 
system.  Rotor angle instability will result in the phenomenon of increasing angular 
swings of some generators and result in losing synchronism with other generators 
[8]. 
Frequency stability refers to the ability of the power system to preserve 
steady frequency upcoming a few system distress resulting in a notable imbalance 
between generation and load.  The frequency instability may occur in the form of 
continuous frequency swings and will contribute to the tripping of generating units 
and/or loads [32]. 
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2.5 Definitions of voltage stability 
 
 
Voltage stability can be explained to the potential of the power system to sustain 
steady voltages at all buses in the system after being vulnerable to a disturbance from 
a given initial operating condition.  Voltage stability is resultant on the ability of the 
power system to maintain or restore the equilibrium between the load demand and 
load supply [8, 32].  A system is considered as voltage instable if at least one bus in 
the system experiencing voltage magnitude decreases once the reactive power 
injection is rising [31]. 
During the occurrence of voltage instability, then the progressive fall or rise 
of voltages at some buses can be detected.  The potential consequence of voltage 
instability is due to loss of load in the certain area, or tripping of transmission lines 
and other elements of the protection systems contributed to the cascading outages.  
Loss of synchronization for some generators may lead to the outages as well [33].  
Voltage stability can also be considered as load stability.  If the power system lacks 
of the capability to transfer an infinite amount of electrical power to the loads, hence 
voltage instability will be present.  The main reason for contributing to voltage 
instability is the inability of the power system to meet the requirements for reactive 
power in the extremely stressed system keeping the desired voltages [34].  In order to 
restore the increasing demand of loads in the systems will cause further voltage 
decrement [32].  When there is at least one bus in the system encounter bus voltage 
decreases as the reactive power injection in the same bus is increased, and then the 
system is regarded as experiencing voltage instability. 
Voltage collapse is the event when accompanied by voltage instability leads 
to a blackout or abnormally low voltage in a significant part of the power system [8, 
35].  Due to the combination of events and system conditions, the additional reactive 
power demand may cause a voltage collapse, causing a major breakdown of part of 
all the systems. 
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2.6 Classification of voltage stability 
 
 
Voltage instability and collapse effectively extent a time range from seconds to one 
hour.  The time length of a distraction in a power system, originating a possibility of 
a voltage instability problem, can be categorised into short term and long term, which 
has been presented in Figure 2.3. 
 
 
Figure 2.3: Time responses of different controls and components in voltage stability 
[8, 36, 37] 
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The time responses of different controls and components of voltage stability 
are presented in Figure 2.3.  The example of short-term or transient voltage 
instability can be found mainly caused by rotor angle variance or loss of 
synchronism.  In the meanwhile, long term voltage instability problems mainly 
occurred in heavily loaded systems where the electrical distance is huge between the 
generator and the load. 
In order to analyse the voltage stability, it is often convenient to categorize 
the problem into small-disturbance and large-disturbance voltage stability.  Small-
disturbance voltage stability refers to the system’s capability to continue steady 
voltages when disposed to small perturbations such as incremental changes in system 
load [8].  The analysis for small-disturbances is done in steady-state stability 
analysis.  Steady-state stability analysis is useful in obtaining the qualitative 
overview of the system such as how stress the system is and the system’s stability to 
the point of instability.  Large-disturbance voltage stability refers to the system’s 
ability to maintain stable voltages followed by large disturbances such as system 
faults, disappearance of generation and loss of line.  Large-disturbance voltage 
stability can be analyzed by using non- linear time-domain simulation in short term 
time frame and load flow analysis in the long term time frame [34]. 
 
 
2.7 Methods for voltage stability analysis 
 
 
Many different analytical methods have been proposed in the previous research 
works aiming to provide a better understanding of the phenomenon, to evaluate the 
systems in operating conditions, and to come up with appropriate control measures to 
keep systems from experiencing voltage instability situations.  In organizing and 
performing power system scheme, the investigation of voltage stability can be 
associated with two different aspects [8, 38]; 
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a) Proximity to voltage instability: How close is the system towards voltage 
instability? 
 
b) Mechanism of voltage instability: During voltage instability occurs, what are 
the fundamental elements that contributing to instability?  What are the weak 
voltage areas?  What computational methods are most efficient in enhancing 
voltage stability? 
 
Various aspects of voltage stability problems can be efficiently analyzed by 
using static methods [39].  These methods examined the viability of the equilibrium 
point represented by a specified operating condition of the power system.  In voltage 
stability studies, the characteristics of interest are the relation between the 
transmitted power (P), receiving end voltage (V) and reactive power injection (Q).  
Traditional forms of displaying these relationships are P-V and Q-V curves obtained 
through steady-state analysis.  Sensitivity analysis and modal analysis are also being 
used in voltage stability assessment to make use of system condition or snapshot for 
voltage stability evaluation [40]. 
 
 
2.7.1 Power flow analysis 
 
 
Power flow analysis or load flow analysis is the main analytical tool being performed 
in large and complex power networks for reactive power resources planning 
purposes.  The power flow analysis involves the calculative of power flows and 
voltages of a transmission network for a particular terminal or bus conditions.  This 
computational is required for the analysis of steady-state as well as dynamic 
performance of a power system [8, 41]. 
For bus classification purpose, each bus is corresponding to four quantities 
which are active power P, reactive power Q, voltage magnitude V, and the voltage 
angle, θ.  The following types of buses (nodes) are described and at each bus will 
consist of two of the four quantities. 
  
18 
 
a) Voltage-controlled (PV) bus: Active power and voltage magnitude are stated.  
This bus is limited to the reactive power and depends on the characteristics of 
the individual equipments.  For examples are buses with generators, 
synchronous condensers, and static variable compensators. 
 
b) Load (PQ) bus: Active power and reactive power are stated.  Usually loads 
are considered to have constant power. 
 
c) Slack (Swing) bus: Voltage magnitude and phase angle are specified.  Due to 
the power losses in the system are unknown in earlier, therefore at least one 
bus must have unspecified P and Q.  Thus, the slack bus is the only bus with 
known voltage. 
 
The correlation between network bus (node) voltages and currents possibly 
represented by either loop equations or node equations [8, 41].  Node equations are 
preferred because the number of independent node equations is smaller than the 
number of independent in loop equations.  The network equations in terms of the 
nodal admittance matrix can be written as in Equation 2.1. 
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Where: 
n  is the total number of nodes 
iiY  is the self admittance of node i  = sum of all the admittances terminating at node 
i  
ijY  is the mutual admittance between nodes i  and j  = negative of the sum of all 
admittances between nodes i  and j  
iV  is the phasor voltage to ground at node i  
iI  is the phasor current flowing into the network at node i   
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Equation 2.1 would potentially be linear if the current injections 𝐼 ̅  were 
known.  However, in practical the current injections are unknown for most nodes.  
The current of any node k is related to P, Q and V can be represented in Equation 2.2. 
 
* = 
k k
k
k
P jQI
V
−      (2.2) 
 
The relations of P, Q, V and I are explained by the properties of the devices 
that connected to the nodes.  Different type of properties will cause the problem to 
become nonlinear and therefore, power-flow equations are needed to be solved by 
using techniques such as the Gauss-Seidal or Newton-Raphson method [42, 43]. 
The Newton-Raphson method is the most popular method in finding the roots 
of non- linear equations [8].  The Newton-Raphson method has a very good 
convergence rate.  The computational time increases only linearly with the size of the 
system.  By using this method, the model can transform into linear equation and is 
provided in Equation 2.3. 
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Where: 
P P
V
Q Q
V
θ
θ
∂ ∂ 
 ∂ ∂ 
∂ ∂ 
 ∂ ∂ 
 is the Jacobian matrix 
P∆  is the incremental change of real power injection at the bus 
Q∆  is the incremental change of reactive power injection at the bus 
θ∆  is the incremental change of bus voltage angle 
V∆  is the incremental change of bus voltage magnitude 
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2.7.2 Modal analysis 
 
 
The modal analysis or known as eigenvalues analysis can be implemented as a 
systematic handy tool to identify both proximity and mechanism during the 
occurrence of voltage instability.  This method necessitates the calculation of the 
small number of eigenvalues and associated eigenvectors of a reduced Jacobian 
matrix.  The reduced Jacobian matrix is able to provide handy information about the 
voltage stability.  Initially, system voltage stability is influenced by both P and Q.  
However, by utilising the reduced Jacobian matrix; the concern is mainly on the 
reactive power and voltage characteristics.  By this, weak buses in the power system 
can be recognized from the system reactive power variation towards the incremental 
change in bus voltage magnitude [38]. 
Therefore, at each operating point, the P is being kept as constant and just 
assesses the voltage stability by considering the incremental relationship between Q 
and V.  Therefore, the P∆  in Equation 2.3 is set to 0 and can be simplified as shown 
in Equation 2.4. 
 
 =   RQ J V∆ × ∆     (2.4) 
 
Where: 
 
( )1 =  -   R QV Q P PVJ J J J Jθ θ −      (2.5) 
 
By referring to Equation 2.5, RJ  is the reduced Jacobian matrix of the 
system.  The matrix RJ  is symbolised the linear relationship between the incremental 
change in bus reactive power injection, Q∆  and bus voltage, V∆ .  Voltage stability 
characteristics of the system can be identified by computing the eigenvalues and 
eigenvectors of the reduced Jacobian matrix, RJ  which being defined in Equation 2.5 
[36, 38, 44, 45].  Thus, the smallest eigenvalues of RJ  are considered as the least 
stable modes of the system. 
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2.7.3 P-V curve 
 
 
P-V curve is beneficial for a conceptual analysis of voltage stability due to its 
simplicity.  P-V curve is a traditional method used for illustrating the voltage 
instability phenomenon [46].  From a P-V curve, the difference of bus voltages with 
load, distance to instability and critical voltage when instability occurs may be 
resolved.  However, it is not the most practical way to study the voltage stability 
since it requires a long computational time for a large complex network.  The power 
flow simulation will diverge near the nose or maximum power point on the curve.  
Another disadvantage is that generation must be realistically rescheduled as the load 
area is increased.  Most importantly, the relationship of voltage to active power 
transfer is non-linear, which requires the full power solutions. 
 
 
2.7.4 Q-V curve  
 
 
Q-V curve is used to indicate the sensitivity relation of bus voltages with respect to 
the reactive power injections.  The Q-V curve can be used as an index for voltage 
instability.  At the point of dQ dV  equal to 0 is the point of voltage stability limit.  
The typical theoretical Q-V curve is illustrated in Figure 2.4.  One of the significant 
information that can be retrieved from the Q-V curve is the relation of sensitivity 
between the loads and the reactive power sources [47]. 
When adjacent generators attain their reactive power limits, the slope of the 
Q-V curve becomes less steep and the bottom of the curve is approached.  The 
system is approaching instability condition when the nose tips of the graph 
approaching zero.  With these advantages, Q-V curves are presenting a promising 
method of voltage stability analysis at many utilities. 
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Figure 2.4: Typical theoretical Q-V curve [48] 
 
 
2.7.5 Power transfer stability index based on the system Thevenin equivalent 
 
 
A power transfer stability index is proposed in [49].  The stability indices presented 
consider the Thevenin equivalent of the power system connected to a load bus where 
an apparent load is connected.  The concept used for the Thevenin equivalent 
network is presented in Figure 2.5.  Based on Figure 2.5, the bus Z has a load 
demand on the right side.  In the meanwhile, the Thevenin equivalent of the system 
(the rest of the power system) is connected to the left side of the bus Z.  
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Figure 2.5: Thevenin equivalent network [21, 46] 
 
The maximum load apparent power is also considered as the maximum load 
ability which depends on the Thevenin parameters varying the system operating 
conditions.  The maximum power transfer is found when  = L THZ Z  [9, 10, 46, 50].  
 
 
2.8 Voltage stability indices 
 
 
Voltage stability indices are very applicable in retrieving the voltage stability of the 
power system.  Voltage stability indices are the scalar magnitudes that are being 
implemented to observe the changes of the parameters of the system.  Besides that, 
the indices are also used to quantify the distance of the particular operating point 
with the point of voltage collapse [51].  These indices will be very handy to the 
operators before they started to implement the preventive actions [21]. 
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The main intention of this section is to provide a complete and wide 
viewpoint of the voltage stability indices.  According to the articles in [52, 53], the 
authors mentioned that voltage stability indices particularly could be subdivided into 
two parts, which are Jacobian matrix based voltage stability indices and system 
variables based voltage stability indices. 
Jacobian matrix based voltage stability indices are able to calculate the 
voltage collapse point or maximum load ability of the system and discover the 
voltage stability margin.  However, these indices required high computational time 
and for this particular reason, the Jacobian matrix based voltage stability indices are 
not appropriate for online assessment.  System variables based voltage stability 
indices required less computational time.  The reasons are due to the system variable 
based voltage stability indices that used the elements of the admittance matrix and 
some system variables such as bus voltages or power flow through the lines.  With 
the benefit of less computational time, system variables based voltage stability 
indices are suitable to be implemented on the online assessment and monitoring 
purposes. At the same time, system variables based voltage stability indices cannot 
efficiently estimate the margin because their responsibilities are more to determine 
the critical lines and buses. 
The differentiation between Jacobian matrix based voltage stability indices 
and system variables based voltage stability indices is being catalogued in Table 2.1.  
The differentiation is more likely based on the two aspects which were being defined 
in [8].  The two aspects are proximity towards voltage collapse – (How close is the 
system to voltage instability?) and mechanism of voltage instability – (How and why 
does instability occur?). 
 
Table 2.1: Differences between Jacobian matrix based voltage stability indices and 
system variables based voltage stability indices 
 
Jacobian matrix based vol tage stability indices System variables based vol tage stability 
indices 
Require more amount of computing time Require less amount of computing time 
Suitable fo r offline monitoring purpose Suitable fo r online monitoring purpose 
Discover voltage stability marg in 
(Proximity towards voltage collapse) 
Discover weak buses and lines 
(Mechanism of vo ltage instability) 
  
 
 
REFERENCES 
[1] P. Pourbeik, P. S. Kundur, and C. W. Taylor, "The Anatomy of a Power Grid 
Blackout-Root Causes and Dynamics of Recent Major Blackouts," Power and 
Energy Magazine, IEEE, vol. 4, pp. 22-29, 2006. 
 
[2] G. Andersson, P. Donalek, R. Farmer, N. Hatziargyriou, I. Kamwa, P. 
Kundur, N. Martins, J. Paserba, P. Pourbeik, J. Sanchez-Gasca, R. Schulz, A. 
Stankovic, C. Taylor, and V. Vittal, "Causes of the 2003 Major Grid 
Blackouts in North America and Europe, and Recommended Means to 
Improve System Dynamic Performance," Power Systems, IEEE Transactions 
on, vol. 20, pp. 1922-1928, 2005. 
 
[3] U.-C. P. S. O. T. Force, S. Abraham, H. Dhaliwal, R. J. Efford, L. J. Keen, A. 
McLellan, J. Manley, K. Vollman, N. J. Diaz, and T. Ridge, Final Report on 
the August 14, 2003 Blackout in the United States and Canada: Causes and 
Recommendations: US-Canada Power System Outage Task Force, 2004. 
 
[4] S. Larsson and E. Ek, "The Black-out in Southern Sweden and Eastern 
Denmark, September 23, 2003," 2004. 
 
[5] A. Berizzi, "The Italian 2003 Blackout," in Power Engineering Society 
General Meeting, 2004. IEEE, 2004, pp. 1673-1679. 
 
[6] S. Corsi and C. Sabelli, "General Blackout in Italy Sunday September 28, 
2003, H. 03: 28: 00," in Power Engineering Society General Meeting, 2004. 
IEEE, 2004, pp. 1691-1702. 
 
[7] E. E. Sauma and S. S. Oren, "Economic Criteria for Planning Transmission 
Investment in Restructured Electricity Markets," Power Systems, IEEE 
Transactions on, vol. 22, pp. 1394-1405, 2007. 
 
[8] P. Kundur, N. J. Balu, and M. G. Lauby, Power System Stability and Control 
vol. 7: McGraw-hill New York, 1994. 
 
[9] K. T. Vu, D. E. Julian, J. O. Gjerde, and M. M. Saha, "Applications and 
Methods for Voltage Instability Predictor (Vip)," ed: Google Patents, 2001.  
 
[10] K. T. Vu and D. Novosel, "Voltage Instability Predictor (Vip)—Method and 
System for Performing Adaptive Control to Improve Voltage Stability in 
Power Systems," ed: Google Patents, 2001. 
165 
 
[11] D.K.Rai, "Maximum Permissible Loading and Static Voltage Stability Limit 
of a Power System Using V-I Polynomial," International Journal of 
Computational Engineering Research vol. 2, p. 5, 2012. 
 
[12] S. Parkpoom, G. Harrison, and J. Bialek, "Climate Change Impacts on 
Electricity Demand," in Universities Power Engineering Conference, 2004. 
UPEC 2004. 39th International, 2004, pp. 1342-1346. 
 
[13] D. B. Belzer, M. J. Scott, and R. D. Sands, "Climate Change Impacts on Us 
Commercial Building Energy Consumption: An Analysis Using Sample 
Survey Data," Energy Sources, vol. 18, pp. 177-201, 1996. 
 
[14] Y.-K. Wu, "A Novel Algorithm for Atc Calculations and Applications in 
Deregulated Electricity Markets," International Journal of Electrical Power & 
Energy Systems, vol. 29, pp. 810-821, 2007. 
 
[15] O. P. Rahi, A. K. Yadav, H. Malik, A. Azeem, and B. Kr, "Power System 
Voltage Stability Assessment through Artificial Neural Network," Procedia 
Engineering, vol. 30, pp. 53-60, 2012. 
 
[16] S. C. Savulescu, Real-Time Stability Assessment in Modern Power System 
Control Centers vol. 42: John Wiley & Sons, 2009. 
 
[17] J. W. Bialek, "Why Has It Happened Again? Comparison between the Ucte 
Blackout in 2006 and the Blackouts of 2003," in Power Tech, 2007 IEEE 
Lausanne, 2007, pp. 51-56. 
 
[18] V. Ajjarapu, Computational Techniques for Voltage Stability Assessment and 
Control: Springer, 2007. 
 
[19] A. M. Azmy and I. Erlich, "Impact of Distributed Generation on the Stability 
of Electrical Power System," in Power Engineering Society General Meeting, 
2005. IEEE, 2005, pp. 1056-1063. 
 
[20] H. H. Goh, Q. S. Chua, S. W. Lee, B. C. Kok, K. C. Goh, and K. T. K. Teo, 
"Power Stability Monitoring Based on Voltage Instability Prediction 
Approach through Wide Area System," American Journal of Applied 
Sciences, vol. 11, p. 15, 2014. 
 
[21] H. H. Goh, C. W. Tai, Q. S. Chua, S. W. Lee, B. C. Kok, K. C. Goh, and K. 
T. K. Teo, "Comparative Study of Different Kalman Filter Implementations 
in Power System Stability," American Journal of Applied Sciences, vol. 11, 
p. 12, 2014. 
 
[22] V. Ajjarapu and A. P. S. Meliopoulos, "Preventing Voltage Collapse with 
Protection Systems That Incorporate Optimal Reactive Power Control," 
Power Systems Engineering Research Center, Arizona State University2008. 
 
166 
 
[23] V. Ajjarapu and C. Christy, "The Continuation Power Flow: A Tool for 
Steady State Voltage Stability Analysis," Power Systems, IEEE Transactions 
on, vol. 7, pp. 416-423, 1992. 
 
[24] V. Balamourougan, T. S. Sidhu, and M. S. Sachdev, "Technique for Online 
Prediction of Voltage Collapse," Generation, Transmission and Distribution, 
IEE Proceedings-, vol. 151, pp. 453-460, 2004. 
 
[25] S. Ayoubi, A. P. Shahri, P. M. Karchegani, and K. L. Sahrawat, Application 
of Artificial Neural Network (Ann) to Predict Soil Organic Matter Using 
Remote Sensing Data in Two Ecosystems: InTech Open Access, 2011. 
 
[26] J. McLinn, "Major Power Outages in the Us, and around the World," IEEE 
Reliability Society, 2009. 
 
[27] A. Abu-Jasser. (2010, 1 November). Advanced Power System Analysis. 
Available: 
http://site.iugaza.edu.ps/ajasser/files/2010/02/Power_System_Components.GI
F, Accessed on 11 May 2014. 
 
[28] J. Machowski and J. R. Bumby, Power System Dynamics and Stability: John 
Wiley & Sons, 1997. 
 
[29] A. J. Wood and B. F. Wollenberg, Power Generation, Operation, and Control: 
John Wiley & Sons, 2012. 
 
[30] H. Saadat, Power Systems Analysis: McGraw-Hill New York, 2002. 
 
[31] P. Kundur, J. Paserba, and S. Vitet, "Overview on Definition and 
Classification of Power System Stability," in Quality and Security of Electric 
Power Delivery Systems, 2003. CIGRE/PES 2003. CIGRE/IEEE PES 
International Symposium, 2003, pp. 1-4. 
 
[32] P. Kundur, J. Paserba, V. Ajjarapu, G. Andersson, A. Bose, C. Canizares, N. 
Hatziargyriou, D. Hill, A. Stankovic, and C. Taylor, "Definition and 
Classification of Power System Stability Ieee/Cigre Joint Task Force on 
Stability Terms and Definitions," Power Systems, IEEE Transactions on, vol. 
19, pp. 1387-1401, 2004. 
 
[33] T. Van Cutsem and C. Vournas, Voltage Stability of Electric Power Systems 
vol. 441: Springer, 1998. 
 
[34] A. Chakrabarti and S. Halder, Power System Analysis: Operation and 
Control: PHI Learning Pvt. Ltd., 2006. 
 
[35] I. P. S. E. Committee, Voltage Stability of Power Systems: Concepts, 
Analytical Tools, and Industry Experience: IEEE, 1990. 
 
167 
 
[36] S. Chakrabarti, "Notes on Power System Voltage Stability," Dept. of EE, IIT, 
Kanpur (2011). http://home. iitk. ac. in/~ saikatc/EE632_files/VS_SC. pdf, 
Accessed on 13 April 2014. 
 
[37] C. W. Taylor, Power System Voltage Stability: McGraw-Hill, 1994. 
 
[38] B. Gao, G. K. Morison, and P. Kundur, "Voltage Stability Evaluation Using 
Modal Analysis," Power Systems, IEEE Transactions on, vol. 7, pp. 1529-
1542, 1992. 
 
[39] G. K. Morison, B. Gao, and P. Kundur, "Voltage Stability Analysis Using 
Static and Dynamic Approaches," Power Systems, IEEE Transactions on, 
vol. 8, pp. 1159-1171, 1993. 
 
[40] A. R. Minhat, "Evolutionary Programming (Ep) Based Technique for Secure 
Point Identification with Load Shedding Technique in Power Transmission," 
Masters Degree, Faculty of Electrical Engineering, Universiti Teknologi 
MARA, 2008. 
 
[41] J. J. Grainger and W. D. Stevenson, Power System Analysis vol. 621: 
McGraw-Hill New York, 1994. 
 
[42] M. Laughton and M. H. Davies, "Numerical Techniques in Solution of 
Power-System Load-Flow Problems," in Proceedings of the institution of 
Electrical Engineers, 1964, pp. 1575-1588. 
 
[43] B. Stott, "Review of Load-Flow Calculation Methods," Proceedings of the 
IEEE, vol. 62, pp. 916-929, 1974. 
 
[44] P.-A. Lof, G. Andersson, and D. Hill, "Voltage Stability Indices for Stressed 
Power Systems," Power Systems, IEEE Transactions on, vol. 8, pp. 326-335, 
1993. 
 
[45] P. Sauer and M. Pai, "Power System Steady-State Stability and the Load-
Flow Jacobian," Power Systems, IEEE Transactions on, vol. 5, pp. 1374-
1383, 1990. 
 
[46] L. Warland, "A Voltage Instability Predictor Using Local Area 
Measurements," 2002. 
 
[47] S. B. Bhaladhare, A. S. Telang, and P. P. Bedekar, "P-V, Q-V Curve - a 
Novel Approach for Voltage Stability Analysis," International Journal of 
Computer Applications, vol. 5, p. 5, 2013. 
 
[48] Y. N. N. Tchokonte, "Real-Time Identification and Monitoring of the Voltage 
Stability Margin in Electric Power Transmission Systems Using 
Synchronized Phasor Measurements," PhD, Faculty of Electrical Engineering 
and Computer Science, University of Kassel, 2009. 
 
168 
 
[49] M. Nizam, A. Mohamed, and A. Hussain, "Dynamic Voltage Collapse 
Prediction on a Practical Power System Using Power Transfer Stability 
Index," in Research and Development, 2007. SCOReD 2007. 5th Student 
Conference on, 2007, pp. 1-6. 
 
[50] H. Goh, Q. Chua, B. Kok, K. Goh, S. Lee, and K. Teo, "Early Warning and 
Prevention of Potential Wide-Area Voltage Instability Problem," in 
Environment and Electrical Engineering (EEEIC), 2013 12th International 
Conference on, 2013, pp. 479-484. 
 
[51] P. A. Lof, G. Andersson, and D. J. Hill, "Voltage Stability Indices for 
Stressed Power Systems," Power Systems, IEEE Transactions on, vol. 8, pp. 
326-335, 1993. 
 
[52] F. Karbalaei, H. Soleymani, and S. Afsharnia, "A Comparison of Voltage 
Collapse Proximity Indicators," in IPEC, 2010 Conference Proceedings, 
2010, pp. 429-432. 
 
[53] G. Yanfeng, N. Schulz, and A. Guzman, "Synchrophasor-Based Real-Time 
Voltage Stability Index," in Power Systems Conference and Exposition, 
2006. PSCE '06. 2006 IEEE PES, 2006, pp. 1029-1036. 
 
[54] S. G. Ghiocel and J. H. Chow, "A Power Flow Method Using a New Bus 
Type for Computing Steady-State Voltage Stability Margins," Power 
Systems, IEEE Transactions on, vol. 29, pp. 958-965, 2014. 
 
[55] X. Zhiyou, J. Qingquan, and L. Liu, "The Approximate Expression of Power 
Flow Jacobian Matrix and Analysis," in Sustainable Power Generation and 
Supply, 2009. SUPERGEN '09. International Conference on, 2009, pp. 1-4. 
 
[56] P. A. Lof, T. Smed, G. Andersson, and D. J. Hill, "Fast Calculation of a 
Voltage Stability Index," Power Systems, IEEE Transactions on, vol. 7, pp. 
54-64, 1992. 
 
[57] C. Hsiao-Dong and R. Jean-Jumeau, "Toward a Practical Performance Index 
for Predicting Voltage Collapse in Electric Power Systems," Power Systems, 
IEEE Transactions on, vol. 10, pp. 584-592, 1995. 
 
[58] A. Berizzi, P. Finazzi, D. Dosi, P. Marannino, and S. Corsi, "First and Second 
Order Methods for Voltage Collapse Assessment and Security 
Enhancement," Power Systems, IEEE Transactions on, vol. 13, pp. 543-551, 
1998. 
 
[59] M. V. Suganyadevia and C. K. Babulal, "Estimating of Loadability Margin of 
a Power System by Comparing Voltage Stability Indices," in Control, 
Automation, Communication and Energy Conservation, 2009. INCACEC 
2009. 2009 International Conference on, 2009, pp. 1-4. 
 
[60] P. Kessel and H. Glavitsch, "Estimating the Voltage Stability of a Power 
System," Power Delivery, IEEE Transactions on, vol. 1, pp. 346-354, 1986. 
169 
 
[61] A. J. Pujara and G. Vaidya, "Voltage Stability Index of Radial Distribution 
Network," in Emerging Trends in Electrical and Computer Technology 
(ICETECT), 2011 International Conference on, 2011, pp. 180-185. 
 
[62] M. Moghavvemi and F. M. Omar, "Technique for Contingency Monitoring 
and Voltage Collapse Prediction," Generation, Transmission and Distribution, 
IEE Proceedings-, vol. 145, pp. 634-640, 1998. 
 
[63] C. Reis, A. Andrade, and F. Maciel, "Line Stability Indices for Voltage 
Collapse Prediction," in Power Engineering, Energy and Electrical Drives, 
2009. POWERENG'09. International Conference on, 2009, pp. 239-243. 
 
[64] R. Tiwari, K. R. Niazi, and V. Gupta, "Line Collapse Proximity Index for 
Prediction of Voltage Collapse in Power Systems," International Journal of 
Electrical Power & Energy Systems, vol. 41, pp. 105-111, 10// 2012. 
 
[65] I. Musirin and T. K. A. Rahman, "Novel Fast Voltage Stability Index (Fvsi) 
for Voltage Stability Analysis in Power Transmission System," in Research 
and Development, 2002. SCOReD 2002. Student Conference on, 2002, pp. 
265-268. 
 
[66] I. Musirin and T. A. Rahman, "Estimating Maximum Loadability for Weak 
Bus Identification Using Fvsi," IEEE power engineering review, vol. 22, pp. 
50-52, 2002. 
 
[67] A. Mohamed, G. Jasmon, and S. Yusoff, "A Static Voltage Collapse Indicator 
Using Line Stability Factors," Journal of industrial technology, vol. 7, pp. 73-
85, 1989. 
 
[68] M. Moghavvemi and O. Faruque, "Real-Time Contingency Evaluation and 
Ranking Technique," Generation, Transmission and Distribution, IEE 
Proceedings-, vol. 145, pp. 517-524, 1998. 
 
[69] O. Solmaz, H. Kahramanli, A. Kahraman, and M. Ozgoren, "Prediction of 
Daily Solar Radiation Using Anns for Selected Provinces in Turkey," Proc. 
UNITECH, Technical Univ. of Gabrovo, Gabrovo, Bulgaria, vol. 3, pp. 450-
456, 2010. 
 
[70] R. J. Schalkoff, Artificial Neural Networks: McGraw-Hill Higher Education, 
1997. 
 
[71] D. Q. Zhou, U. Annakkage, and A. D. Rajapakse, "Online Monitoring of 
Voltage Stability Margin Using an Artificial Neural Network," Power 
Systems, IEEE Transactions on, vol. 25, pp. 1566-1574, 2010. 
 
[72] C. Stergiou and D. Siganos. Neural Networks. Available: 
http://www.doc.ic.ac.uk/~nd/surprise_96/journal/vol4/cs11/report.html, 
Accessed on 13 November 2014. 
 
 
170 
 
[73] M. H. Al Shamisi, A. H. Assi, and H. A. Hejase, "Using Matlab to Develop 
Artificial Neural Network Models for Predicting Global Solar Radiation in Al 
Ain City–Uae," Engineering education and research using MATLAB. Intech, 
New York, pp. 219-238, 2011. 
 
[74] T. Peter and R. Sajith, "Voltage Stability Assessment in Power Systems 
Using Artificial Neural Networks," in Emerging Research Areas: Magnetics, 
Machines and Drives (AICERA/iCMMD), 2014 Annual International 
Conference on, 2014, pp. 1-6. 
 
[75] R. Balasubramanian and R. Singh, "Power System Voltage Stability Analysis 
Using Ann and Continuation Power Flow Methods," in Intelligent System 
Application to Power Systems (ISAP), 2011 16th International Conference 
on, 2011, pp. 1-7. 
 
[76] H. Teng, C. Liu, M. Han, S. Ma, and X. Guo, "Ieee9 Buses System 
Simulation and Modeling in Pscad," in Power and Energy Engineering 
Conference (APPEEC), 2010 Asia-Pacific, 2010, pp. 1-4. 
 
[77] R. D. Zimmerman, C. E. Murillo-Sánchez, and D. Gan, "A Matlab Power 
System Simulation Package," ed, 1997. 
 
[78] A. AL-Hinai, "Voltage Collapse Prediction for Interconnected Power 
Systems," Master Degree, Morgantown, West Virginia, 2000. 
 
[79] A. R. Bradley, "Introduction to Matlab," in Programming for Engineers, ed: 
Springer, 2011, pp. 181-198. 
 
[80] W. J. Palm, "Introduction to Matlab 7 for Engineers," 2005. 
 
[81] Y. Fu, "Hybrid Network Reduction and Artificial Neural Network Based 
Approaches in Fast Voltage Stability Analysis," The Hong Kong Polytechnic 
University, 2000. 
 
